The factors involved in the differentiation of memory CD4 T cells from naïve precursors are poorly understood. We developed a system to examine the effect of increased competition for antigen by CD4 T cells on the generation of memory in response to infection with a recombinant vesicular stomatitis virus. Competition was initially regulated by increasing the precursor frequency of adoptively transferred naïve T cell antigen receptor transgenic CD4 T cells. Despite robust proliferation at high precursor frequencies, memory CD4 T cells did not develop, whereas decreasing the input number of naïve CD4 T cells promoted memory development after infection. The lack of memory development was linked to reduced blastogenesis and poor effector cell induction, but not to initial recruitment or proliferation of antigen-specific CD4 T cells. To prove that availability of antigen alone could regulate memory CD4 T cell development, we used treatment with an mAb specific for the epitope recognized by the transferred CD4 T cells. At high doses, this mAb effectively inhibited the antigen-specific CD4 T cell response. However, at a very low dose of mAb, primary CD4 T cell expansion was unaffected, although memory development was dramatically reduced. Moreover, the induction of effector function was concomitantly inhibited. Thus, competition for antigen during CD4 T cell priming is a major contributing factor to the development of the memory CD4 T cell pool.
The factors involved in the differentiation of memory CD4 T cells from naïve precursors are poorly understood. We developed a system to examine the effect of increased competition for antigen by CD4 T cells on the generation of memory in response to infection with a recombinant vesicular stomatitis virus. Competition was initially regulated by increasing the precursor frequency of adoptively transferred naïve T cell antigen receptor transgenic CD4 T cells. Despite robust proliferation at high precursor frequencies, memory CD4 T cells did not develop, whereas decreasing the input number of naïve CD4 T cells promoted memory development after infection. The lack of memory development was linked to reduced blastogenesis and poor effector cell induction, but not to initial recruitment or proliferation of antigen-specific CD4 T cells. To prove that availability of antigen alone could regulate memory CD4 T cell development, we used treatment with an mAb specific for the epitope recognized by the transferred CD4 T cells. At high doses, this mAb effectively inhibited the antigen-specific CD4 T cell response. However, at a very low dose of mAb, primary CD4 T cell expansion was unaffected, although memory development was dramatically reduced. Moreover, the induction of effector function was concomitantly inhibited. Thus, competition for antigen during CD4 T cell priming is a major contributing factor to the development of the memory CD4 T cell pool.
infection ͉ effector ͉ differentiation ͉ precursor frequency A lthough many of the requisites for T cell activation and expansion are known, the factors that contribute to the development of CD4 T cell memory after infection remain largely undefined. After exposure to a pathogen, antigen-presenting cells (APCs) initiate the activation of T cells by providing access to antigen and costimulatory molecules. Naïve T cells must integrate signals initiated by ligation of the T cell antigen receptor (TCR) by MHC-antigen complexes for the programming of proliferation and differentiation to occur. However, the precise mechanism by which an activated CD4 T cell differentiates to a memory cell remains unknown. For CD8 T cells, a brief period of stimulation has been shown to trigger activation and proliferation of the cells, whereas longer periods of stimulation are required to generate optimal effector function (1) (2) (3) (4) . In apparent contrast to CD8 T cells, naive CD4 T cells are believed to require longer periods of stimulation to initiate proliferation (5-7) and differentiation into effector cells (8, 9) . Additionally, in vivo studies indicate that shortening the length of Listeria monocytogenes infection by antibiotic treatment can affect CD4 T cell activation and development of memory T cells, but this effect is dependent on infectious dose, suggesting that overall antigen levels may play a role (10, 11) . Thus, divergent mechanisms seem to regulate the differentiation of CD4 and CD8 T cells.
After initial activation, the transition from naïve to memory CD4 T cell may be due in part to a stochastic process whereby activated T cells must compete for additional signals or other extrinsic factors, such as cytokines, to be rescued from deletion. In vitro, CD4 T cells require an early antigen-dependent phase for activation and proliferation followed by an antigen-independent phase dependent on IL-2 for continued expansion and differentiation to occur (12) . In vivo studies also support a role for IL-2 in driving optimal CD8 T cell expansion, but not in initiation of T cell cycling (13) . Additionally, IL-7 is important in the generation and survival of both memory CD4 and CD8 T cells (14) (15) (16) (17) . Similarly, IL-15 plays a role in the maintenance of memory CD8 (18) and CD4 (19) T cells. Thus, although the initial events driving CD4 versus CD8 T cell activation may exhibit distinct characteristics, similarities in the development and maintenance of memory CD4 and CD8 T cells are also evident.
Efforts to investigate T cell function and differentiation in response to antigen, particularly for CD4 T cells, have involved the use of the adoptive transfer of antigen-specific TCR transgenic T cells. This is due in large part to the lack of an extensive panel of MHC class II tetramers to monitor endogenous CD4 T cell responses directly ex vivo. However, adoptive transfer increases naïve precursor frequencies, which can result in reduced T cell division as well as decreased cytokine production, as compared with responses obtained after the transfer of lower numbers of T cells (20, 21) . A recent report also found that the survival of transferred naïve CD4 T cells was inversely related to precursor frequency (22) . Additionally, our group has demonstrated that CD8 T cell memory phenotypes and the proliferative capacity of memory cells are altered with respect to the differentiation of effector versus central memory lineages when different numbers of TCR transgenic CD8 T cells are transferred (23) . Therefore, it is now evident that precursor frequency must be taken into account when investigating T cell responses in vivo, and it suggests that competition at some level is responsible for these differences. Indeed, several studies have demonstrated that competition plays a role during the immune response in establishing immunodominance as well as T cell function (21, (24) (25) (26) (27) . After immunization, responding T cells of multiple specificities must compete for access to MHC-antigen complexes on antigen-bearing APCs (24, 25) . T cells can compete with other T cells of either the same (25, 26) or differing (24, 27) specificities, resulting in the dampening of responses to other epitopes. In the case of CD8 T cells, competitive events for dendritic cell (DC) access occur surprisingly early, within a few hours after immunization (27) . Moreover, when the amount of antigen is limiting, CD4 T cells can inhibit the CD8 T cell response, indicating that competition between subsets of T cells may also alter the outcome of the response (28) . Increasing the amount of antigen (20, 25) or the number of peptide-loaded APCs (26, 27, 29) can overcome the effects of competition, suggesting that a key factor responsible for T cell competition is the availability of antigen and/or APCs. A recent and elegant study using real-time imaging demonstrated that increasing CD4 T cell precursor frequencies resulted in a decrease in stable conjugate formation with DCs, based on competition for a limited number of MHC-peptide complexes (29) . Thus, the characteristics of primary CD4 and CD8 T cell activation are influenced by initial precursor frequency.
Although it is clear that clonal competition can affect T cell priming and CD8 memory development, little is known about the relationship between competition for antigen during CD4 T cell priming and the development of memory cells after infection. This led us to question how antigen availability during the priming of CD4 T cells would affect downstream cell differentiation events. To experimentally determine whether intraclonal competition for antigen during infection influences the development of memory CD4 T cells, we altered initial precursor frequency and also used an Ab blocking system to limit antigen availability in vivo. Our results indicated that clonal competition and antigen levels during early T cell priming events were critical for the successful downstream generation of memory CD4 ϩ T cells.
Results
Precursor Frequency Controls Memory Development. To address the role of precursor frequency in memory CD4 T cell development, we used an adoptive transfer system in conjunction with virus infection. TCR transgenic TEa CD4 T cells are specific for an E␣-derived peptide (amino acid residues 52-68) in the context of MHC class II molecule I-A b (30) . To allow activation of TEa cells in response to infection, we produced a recombinant vesicular stomatitis virus (VSV) containing a gene cassette encoding the ovalbumin-derived peptide SIINFEKL, the E␣ peptide (amino acid residues 52-68), and DsRed (VSV-SED). Varying numbers of CD45.2 TEa cells were transferred into congenic CD45.1 C57BL/6 mice 1 day before infection with VSV-SED, and the TEa response was measured at various time points. Analysis of blood revealed that, whether 1 ϫ 10 5 or 1 ϫ 10 6 TEa cells were transferred, donor CD4 TEa T cells expanded to the same extent by Ϸ6 days after infection ( Fig. 1 A and  B) . The peak of the response occurred on days 5-6 with both transfer frequencies (Fig. 1B) . Surprisingly, after the contraction phase, memory cells were barely detectable at day 16 and not detectable at day 30 in the blood after infection ( Fig. 1 A and B) if 1 ϫ 10 6 TEa cells had been transferred. In contrast, when either 1 ϫ 10 5 or 1 ϫ 10 4 TEa cells were transferred, a population of memory cells was detectable in the blood ( Fig. 1 A and B ) and tissues (data not shown) at 30 days after infection. In addition, Ϸ2 months after infection, TEa memory populations were present in the spleen, lung, liver, and intestinal lamina propria (LP) of mice that had received 1 ϫ 10 5 or 1 ϫ 10 4 TEa cells (Fig. 1C) . Furthermore, splenic memory TEa cells produced IL-2 and IFN-␥ when restimulated with the E␣ peptide in vitro (Fig. 1D) , indicating that the memory cells were functional. Thus, a high initial precursor frequency resulted in a lack of memory cell development after activation, despite robust expansion.
To begin to address the reasons for the disparity in memory development based on CD4 T cell input number, we analyzed the activation status of transferred T cells at 24 h after infection. Donor TEa cells from the spleen and lymph nodes (LNs) of mice that received either 1 ϫ 10 6 or 1 ϫ 10 5 TEa cells were assessed for cell surface expression of CD69, CD127, CD62L, and CD44. CD69 (an early activation marker) was up-regulated on nearly all donor CD4 T cells in the spleens and LNs of both groups, indicating that regardless of frequency TEa cells were antigen-experienced by 24 h after infection ( Fig. 2A) . CD127 (IL-7R␣) expression was slightly reduced in both groups at 24 h after infection. Interestingly, splenic and LN TEa cells from the low precursor frequency transfers had down-regulated CD62L to a much greater extent than TEa cells derived from high precursor frequencies (Fig. 2 A) . CD44 expression had not changed from naïve CD4 T cell levels at this time point.
We also examined the kinetics of IL-7R␣ expression by responding TEa cells, because IL-7 has been shown to be important for CD4 memory T cell development or survival (15) (16) (17) 31) . Therefore, we determined whether the lack of memory generation after high precursor frequency transfers was linked to differences in IL-7R expression. In both the high and low precursor frequency transfers, IL-7R expression was down-regulated by most cells by day 3 after infection ( compared with day 3. By day 10, all remaining cells expressed levels of IL-7R that were increased over that of naïve TEa cells, as has been previously shown for cells transiting to memory CD8 T cell development (14, 32, 33) . Therefore, regulation of IL-7R expression was not linked to initial precursor frequency and did not correlate with memory cell development.
Precursor Frequency Affects Cell Division and Blastogenesis. Because only cells from the low precursor frequency transfers differentiated to CD4 memory cells despite robust proliferation in both the low and high precursor frequency transfers, the fate of the activated T cells may be programmed early during the response. The input numbers differed by 10-fold, but the responses were similar in magnitude: This suggested that the cells from the low precursor frequency underwent more rounds of division. To test this possibility, the division history and blastogenesis of carboxyfluoroscein succinimidyl ester (CFSE)-labeled TEa cells were investigated. By day 3 after infection, TEa cells had divided equally regardless of initial frequency. However, from then on, the proliferation of TEa cells derived from a high input frequency consistently lagged behind that of the TEa cells derived from a low input number. The latter had essentially lost CFSE fluorescence by day 5 (Fig. 3A) .
When blastogenesis was examined, a striking difference was observed between responding CD4 T cells derived from the high versus low precursor transfers (Fig. 3B) . After low frequency transfer, TEa cells underwent sustained blastogenesis through day 4 and subsequently underwent a major size reduction. However, when higher numbers of TEa cells were transferred, blastogenesis occurred but was not sustained, and the blasting cells were smaller than those found after the transfer of lower cell numbers. At day 10 after infection, the remaining cells from both groups were slightly larger than naïve cells (Fig. 3B) . Thus, increasing the initial TEa precursor frequency resulted in diminished proliferation as an apparent result of transient blastogenesis.
Effect of Precursor Frequency on Induction of Effector Function.
To determine whether the defects in cell division and blastogenesis correlated with effector function, cytokine production by the donor CD4 T cells was measured. Intracellular cytokine staining for IL-2 and IFN-␥ at day 5 after infection in response to E␣ peptide stimulation in vitro revealed that, in the high precursor frequency transfers, the TEa cells produced much less IL-2 and IFN-␥ when compared with the cells responding in a low precursor transfer, which produced substantial amounts of IL-2 and IFN-␥ (Fig. 4) . However, this finding did not rule out the possibility that the donor cells from the high precursor frequency transfer group did not produce similar levels of cytokine at an earlier time point after infection. To address this issue, cytokine production was measured at 24 h after infection directly ex vivo following the in vivo administration of brefeldin A (BFA) (34) . Mice were infected with VSV-SED 1 day after adoptive transfer and then treated with BFA 18 h later; tissues were harvested 6 h after BFA treatment. IL-2 was produced by Ϸ20% of the TEa cells in mice that had received the low number of naïve cells, although much of the population had shifted upward as compared with controls, suggesting that more cells were producing lower amounts of IL-2. In contrast, TEa cells in mice that had received a higher cell number did not produce detectable IL-2 (Fig. 5) . IFN-␥ was not produced at this time point by cells from either group. These results suggested that early events were regulating T cell function and memory development.
Competition for Antigen During CD4 T Cell Priming Does Not Affect
Expansion but Inhibits Memory T Cell Generation. Based on the above data and previous reports (21, (24) (25) (26) (27) compete for antigen during the immune response, we hypothesized that competition for access to antigen during the priming of T cells is important in programming the development of memory T cells. To dissociate competition for antigen from other events, we used the Y-Ae mAb specific for MHC class II E␣ peptide complexes (35, 36) . The Y-Ae mAb blocks antigen presentation in vitro (37-39) and interferes with negative selection in the thymus in transgenic systems (38) . Therefore, we tested whether Y-Ae treatment interfered with E␣ presentation to TEa cells during infection. To test the efficacy of Y-Ae mAb treatment, 1 ϫ 10 5 TEa cells were transferred, and 1 day later the recipients were injected i.p. with 100 g of Y-Ae mAb and infected with VSV-SED. TEa T cell expansion 6 days after infection was inhibited by Ϸ90% in mice treated with 100 g of Y-Ae mAb; this inhibition diminished with decreasing mAb doses such that 1 g of Y-Ae had no effect on TEa expansion (Fig. 6A) . We excluded the possibility that Y-Ae was depleting antigen-bearing APCs or T cells by treating mice that had received E␣ peptide-loaded splenocytes with Y-Ae and showing that mAb treatment did not result in loss of the cells (data not shown). Moreover, Y-Ae treatment had no effect on the CD8 T cell response to ovalbumin or VSV nucleoprotein (data not shown). To further substantiate the possibility that Y-Ae affected ''bystander'' CD4 T cell responses, we used a double adoptive transfer system. Equal numbers of OT-II TCR transgenic CD4 T cells (40) , specific for the albumin peptide (amino acid residues 323-339) in the context of MHC class II molecule I-A b , and TEa TCR transgenic CD4 T cells were cotransferred into congenic mice. Mice were treated 1 day later with either 250 g of the Y-Ae mAb or isotype mouse IgG2b and coinfected with 1 ϫ 10 5 pfu of VSV-SED and VSV-OVA to provide the specific epitopes to both the TEa and OT-II CD4 T cells. In the isotype-treated group, donor OT-II and TEa cells proliferated extensively by day 6 after infection compared with uninfected mice (Fig. 6B) . In contrast, Y-Ae mAb treatment inhibited expansion of TEa cells, whereas OT-II cell expansion remained robust (Fig. 6B) . In fact, the OT-II response was somewhat greater when the TEa response was inhibited, indicating interclonal competition. These data demonstrated that the mAb did not exert global effects on antigen presentation but selectively inhibited the antigen-specific TEa response.
Taking advantage of the inhibitory effects of the Y-Ae Ab on E␣ antigen presentation, we sought to determine the effect of competition for antigen by T cells on priming and memory development. To this end, 1 ϫ 10 5 TEa T cells were adoptively transferred into congenic recipients, and 1 g of Y-Ae Ab was administered to the recipient mice before VSV-SED infection. This dosage of Ab treatment was chosen because it did not effect the expansion of the TEa cells relative to control Ab treatment (Fig. 6A) . During the primary and memory phases of the immune response, donor cell populations were measured in both lymphoid and nonlymphoid tissues. With or without Y-Ae treatment, donor cells expanded equally well in both lymphoid and nonlymphoid compartments ( Fig. 7 A and B Upper) . Remarkably, treatment with only 1 g of Y-Ae resulted in dramatic effects on the ability of responding TEa cells to produce a memory population, such that Ϸ10-fold fewer memory cells were produced (Fig. 7 A and B Lower) . Therefore, although reducing the level of antigenic stimulation had no effect on clonal expansion, memory differentiation was altered, demonstrating that competition for antigen during the primary immune response is critical for the differentiation of memory cells.
Because we had observed a defect in cytokine production after the transfer of high numbers of TEa cells, we also wished to determine whether a defect in cytokine production occurred after Y-Ae mAb treatment. As shown in Fig. 7C , responding TEa cells in mice treated with Y-Ae exhibited reduced IL-2 and IFN-␥ production as compared with isotype control mAb-treated mice. These results correlated with the results from high precursor frequency transfers where the TEa cells also had a muted cytokine response compared with cells derived from a lower precursor frequency (Fig. 4) . These data further substantiated the role of competition for antigen early during the response to virus infection as a key component in the programming of memory CD4 T cell differentiation.
Discussion
The work presented here sought to determine the role of competition for antigen in the development of memory CD4 T cells in response to virus infection. The presence of fewer naïve antigenspecific CD4 T cells at the time of infection favored the development of memory T cells. A memory population developed over a 100-fold range of input precursors (1 ϫ 10 3 to 1 ϫ 10 5 ) (Fig. 1 and  data not shown) . However, a threshold was reached at an input of 1 ϫ 10 6 TEa TCR transgenic CD4 T cells such that memory development was essentially blocked. This result was somewhat surprising, given the robust expansion that occurred in response to virus infection after the transfer of 1 ϫ 10 6 cells. In addition, IL-7R regulation was independent of initial precursor frequency and was therefore not directly linked to memory development. It remains possible that IL-7R is necessary but not solely sufficient for memory CD4 T cell development, as has been suggested for memory CD8 T cell development in some cases (41, 42) .
Recent studies have shown that, for CD4 and CD8 T cells, competition during the primary immune response can occur at multiple levels (27, 29) . In these systems, immunization was accomplished by the adoptive transfer of peptide-coated DCs activated in vitro. CD8 T cells competed for access to the same DCs during the first few hours after immunization in an antigennonspecific manner. For CD4 T cells, competition for antigenbearing DCs occurred at increased T cell precursor frequency, resulting in abbreviated T cell-DC interactions. In these cases, T cells gained access to the DCs but competed for MHC-peptide complexes (29) . Whether these competitive events altered memory CD4 or CD8 T cell development was not examined. With respect to memory CD4 T cell development, a recent, elegant study using adoptive transfer of TCR transgenic T cells and peptide/LPS immunization revealed that increased clonal abundance, even beyond the primary response, resulted in decreased survival (22) . It is unknown which factors are limiting in this case, although a likely candidate is ongoing TCR-MHC interactions (22) . In our system, antigen presentation, inflammation, and the kinetics of the overall response are dictated by the infectious cycle of the virus and the input number of naïve CD4 T cells. Moreover, the use of the Y-Ae mAb to specifically block a single MHC-peptide-TCR interaction provided a highly direct method to test the role of antigen levels in memory CD4 T cell development. Y-Ae treatment had no effect on the concomitant CD8 T cell response to virus-encoded antigens, nor did it hinder antigen presentation to other TCR transgenic CD4 T cells, indicating that the mAb was not disrupting generalized APC function.
In our studies, high initial CD4 T cell precursor frequency led to an intrinsic defect in the T cells and resulted in reduced division and cytokine production and in the lack of a detectable memory population. These data corroborated the results of other studies showing that changes in T cell precursor frequency can result in differences in T cell division and induction of effector function (20, 21) and that T cell competition could be overcome with the addition of increased amounts of antigen (20, 25) or antigen-bearing DCs (27) . In those studies, a direct demonstration of competition for antigen was not possible, because competition for access to DCs, as well as for other factors, could be involved. We hypothesized that the advantage resulting in enhanced function and survival at low precursor frequencies was afforded by decreased competition for antigen during early phases of the immune response. Remarkably, at a precursor frequency that normally resulted in memory generation, the CD4 T cell response to virus infection in the face of administration of a small amount (1 g) of Y-Ae mAb mimicked the response obtained at a high input frequency. Thus, we recapitulated the phenomenon observed in the high precursor frequency transfers by limiting E␣ presentation to the TEa cells. The fact that limiting antigen availability did not affect proliferation, yet hindered further differentiation of T cells, suggested that the signaling threshold for proliferation of naïve T cells was lower than the threshold necessary to drive the differentiation of memory cells. Thus, although high precursor frequencies may result in competition for factors other than antigen, limiting only antigen availability altered memory T cell development. When interpreting results obtained with other TCR transgenic T cells or polyclonal T cells, it should be considered that each T cell clone will exhibit a distinct TCR avidity that will likely result in distinct competitive characteristics in vivo. Competition will also be dictated by the stability of MHC-peptide complexes as well as the quantity of each antigenic moiety available. Therefore, we predict that modification of these variables, either singly or in combination, will determine the efficacy of memory T cell development. Our results also suggested that effector development was inexorably linked to memory development. Other work has suggested that, for CD4 T cells, cells producing effector cytokines do not produce memory cells (43) , although other studies do not support this concept (44) . Although we cannot conclude that effector cells are the direct antecedents of memory CD4 T cells, our findings indicated effector development at the population level was requisite for efficient memory CD4 T cell development.
There are at least two scenarios by which limited availability of antigen to T cells could result in incomplete differentiation of the activated T cells. Limited antigen presentation to naïve T cells may result in insufficient signaling through the TCR, because all of the cells are competing for a finite amount of antigen. In this case, the Y-Ae mAb treatment may decrease the antigen density per APC, further reducing the quality of signaling through the TCR. Alternatively, limiting antigen availability may also effect the T cells by limiting the number of subsequent interactions that may occur between activated T cells and antigen-bearing APCs. These subsequent interactions early during the immune response have been recently shown to be important with regard to T cell differentiation (9) . Thus, the integration of signals mediated by sustained initial TCR-APC interactions and potentially by multiple T cell-APC interactions will be modulated by limiting the antigen display, thereby affecting T cell differentiation toward the memory lineage. Understanding the factors responsible for efficient memory T cell development is essential to the development of efficacious vaccines. In addition, the possibility of specifically modifying single variables of the immune response may hold implications for immunotherapy.
Materials and Methods
Mice. C57BL/6J (CD45.1) mice were purchased from Charles River Laboratories/National Cancer Institute (Wilmington, MA). TEa TCR transgenic mice (30) specific for E␣ peptide (amino acid residues 52-68) from the I-E␣ MHC class II molecule in the context of I-A b were provided by R. Noelle (Dartmouth Medical School, Lebanon, NH) and bred onto a recombinase-activating gene (RAG)-deficient background. OT-II TCR transgenic mice (40) , specific for chicken ovalbumin peptide (amino acid residues 323-339) in the context of MHC class II, were bred onto a RAGdeficient background. Animal protocols were approved by the University of Connecticut Health Center Animal Care Committee.
Sample Preparation and Flow Cytometry. To isolate lymphocytes from lung, liver, and intestinal lamina propria (LP), tissues were collected from perfused mice, minced, and collagenase-digested for one hour at 37°C. Liver and LP cells were then subjected to Percoll gradient separation. For staining, cells were resuspended in 0.2% BSA and 0.01% NaN 3 in PBS at a concentration of Ϸ1 ϫ 10 7 cells per milliliter. mAbs were obtained from BD PharMingen (San Diego, CA), eBioscience (San Diego, CA), and Caltag (Burlingame, CA), and cytometry data were gathered with a FACSCalibur or LSR II (BD Biosciences, San Jose, CA). Data were analyzed by using FlowJo software (Tree Star, Ashland, OR). CFSE labeling of TEa cells was performed as previously described (45) .
Infection, Adoptive Transfer, and mAb Blocking. To produce recombinant VSV, PCR was used to generate a product encoding SIINFEKL and E␣ upstream of DsRed2 with flanking XhoI and NheI restriction sites; this product was then cloned into pVSVXN2. The resulting pVSV-SED was then used to generate recombinant VSV as previously described (46) . For adoptive transfer, TEa-RAG Ϫ/Ϫ cells were injected i.v. Intracellular Cytokine Staining. Lymphocytes from indicated tissues were isolated and restimulated in vitro with or without 10 g/ml of E␣ peptide and GolgiStop (BD PharMingen) for 5 h at 37°C. Cells were then stained for surface markers, fixed, permeabilized in Cytofix/Cytoperm (BD PharMingen), and stained with anti-IL-2, anti-IFN-␥, or isotype control mAb (BD PharMingen). Alternatively, mice were treated with BFA (Sigma, St. Louis, MO) i.v. 6 h before killing to directly assess cytokine production as previously described (34) .
